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I.  INTROTUCTION 


The  purpose  of  this  experimental  effort  was  to  study  the  effects  of  clesr- 
alr  turbulence  In  mllllmeter'wave  radar  systems.  The  desired  end  result  Is  a 
measure  of  angle-tracking  errors  resulting  from  angle-of -arrival  fluctuations 
of  the  radar  beam.  The  application  of  this  work  Is  directed  toward  a  surface- 
to-surface,  dlrect-flre,  anti-tank  missile  using  mllllmeter-wave  beamrlder  or 
differential  guidance.  The  measurement  of  atmospheric  scintillation  at  94  GHz 
Is  a  first  step  towards  determining  angle-of-arrival  fluctuations. 

Initially,  It  was  noted  that,  with  a  single  receiving  antenna,  amplitude 
fluctuations  cannot  be  distinguished  from  apparent  amplitude  variations  due 
to  angle-of-arrlval  fluctuations.  However,  expected  angle-of-arrlval  fluc¬ 
tuations  are  on  the  order  of  0.02“  peak-to-peak  (see  Section  IV),  while  the 
IB  beamwldth  of  the  receiving  antenna  Is  0.70“.  Thus,  angle-of-arrlval 
effects  are  small  compared  to  expected  amplitude  fluctuations  of  ~  1  dB 
(~  25%). 

The  experimental  work  was  carried  out  under  worst-case  conditions,  l.e., 
over  an  asphalt  road  with  temperatures  In  the  eighties  and  relative  humidities^ 
from  60%  to  70%.  Mirages,  mlrror-llke  Images  of  the  sky  reflected  from  air  In  j 
contact  with  the  ground,  were  highly  visible.  These  reflections  are  the 
result  of  a  lower  refractive  Index,  due  to  expansion  of  the  air,  and  total;'~“^ 
Internal  reflection.  The  laser  system  used  also  Indicated  a  high  degree  of 
atmospheric  turbulence. 

Section  II  discusses  the  theory  used  to  describe  atmospheric  scintilla¬ 
tion,  while  Section  III  describes  the  experimental  apparatus.  In  Section  IV, 
experimental  results  are  described  and  analyzed  with  respect  to  the  theory  of 
Section  II.  Conclusions  are  presented  In  Section  V. 

II.  ATMOSPHERIC  SCINTILLATION  THEORY 

The  theory  of  atmospheric  scintillation  used  to  analyze  experimental 
results  Is  taken  largely  from  the  Initial  work  done  by  Tatarskl  [1]  and 
two  review  papers:  Lawrence  and  Strohbeln  [2]  and  Fante  [3].  Scintillation 
Is  defined  as  the  time  variation  of  the  Intensity  (or  power)  of  a  received 
electromagnetic  wave  due  to  propagation  through  a  randomly  fluctuating  medium. 

At  optical  wavelengths.  It  Is  believed  that  scintillation  results  from 
variations  of  the  Index  of  refraction  due  to  random  temperature  fluctuations. 
Effects  of  pressure  variations  are  small.  These  temperature  fluctuations, 
called  "turbulent  eddies",  are  thought  of  as  pockets  or  bubbles  of  air  having 
different  temperatures  than  the  surrounding  atmosphere,  and  are  characterized 
by  a  dimension  or  correlation  distance  called  the  "scale  size".  The  strongest 
turbulent  eddies  are  generated  near  the  ground  In  direct  sunlight,  similar  to 
bubbles  forming  at  the  bottom  of  a  heated  pan  of  water. 

Because  millimeter  waves  are  absorbed  by  water  vapor,  scintillation  at 
these  wavelengths  may  also  be  due  to  humidity  fluctuations  along  the  propaga¬ 
tion  path  [4,5].  Humidity  fluctuations  may  cause  Index  of  refraction 
fluctuations  as  well  as  absorption  variations. 
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The  magnitude  of  Index  of  refraction  fluctuation  Is  described  by  the  quan¬ 
tity  Cj,^,  the  Index  of  refraction  structure  parameter,  sometimes  optlmlstl-’ 
cally  called  the  structure  constant.  In  this  uork,  the  structure  parameter  Is 
determined  from  experimentally  measurable  quantities  using  Equation  [6]  for  a 
plane  wave, 

oj  .  0.31  .  ,1) 

2 

where  Is  the  variance  of  the  log-amplitude  X,  x  Is  the  wavenumber  (2x 
divided  by  the  transmitted  wavelength  X),  and  R  Is  the  path  length  or  range. 
The  log-amplitude  Is  given  by 

where  E(t)  Is  the  amplitude  of  the  electric  field  at  time  t,  and  ^  Is  the 
time-averaged  electrlc-fleld  amplitude. 


Since  the  received  power  P(t)  (or  Intensity  or  Irradlance  for  optical 
workers)  Is  proportional  to  E2(t),  the  variance  of  the  log-power  (which  Is 
experimentally  measured)  Is  four  times  the  (theoretically  calculated)  log- 
amplitude  variance: 


where  the  variances  are  defined  by 


and  are  equivalent  to  the  mean-square  values  of  In  E(t)  and  In  p(t).  Again, 
pQ  Is  a  time-averaged  value. 

The  theory  Is  developed  In  terms  of  log-amplitudes  or  log-intensities 
because  these  have  been  found  to  have  normally  distributed  (Gaussian)  probabi¬ 
lity  density  functions  for  weak  fluctuations. 
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A  number  of  assumptions  are  Inherent  in  Equation  (1);  these  deal  with  the 
first  Fresnel-zone  size  Vx.R,'  the  Inner  scale  of  the  turbulent  eddies  Ig,  and 
the  outer  scale  of  the  turbulent  eddies,  1^.  and  l^  are  the  largest  and 
smallest  scale  sizes  of  the  existing  turbulent  eddies.  Heating  of  the  earth's 
surface  creates  large  scale  turbulent  eddies  that  are  broken  down  and  mixed  by 
the  wind.  The  Inner  scale  Is  thought  to  be  on  the  order  of  a  few  millimeters, 
while,  close  to  the  earth,  the  outer  scale  Is  taken  to  be  about  the  height  of 
the  beam  above  the  earth,  with  some  estimates  at  1/3  and  1/5  this  value. 

One  assumption  Is  that 


£  <<  ^  <<  Lo  •  (6) 

According  to  Tatarskl  [7],  the  turbulent  eddies  with  scale  sizes  on  the  order 
of  make  the  largest  contribution  to  amplitude  fluctuations;  Equation  (6) 

ensures  that  such  eddies  are  present.  In  the  experimental  work  reported  here, 
the  Fresnel-zone  size  was  about  2  meters  for  the  mllllmeter-wave  system  and 
about  1.4  cm  for  Che  laser  system.  Thus,  the  condition  that  «  Lq  may 

not  be  satisfied  for  the  mllllmeter-wave  system. 

A  second  assumption  of  the  theory  Is  Chat 

A  «  Jj  » 

o 

%fhlch  requires  Che  scattering  to  be  mainly  In  the  forward  direction,  even 
for  the  smallest  turbulent  eddies.  For  millimeter  waves,  this  condition  may 
not  be  well  satisfied,  resulting  In  significant  Bragg-like  scattering  out  of 
the  main  beam  [8]. 

The  assumption  that 

R  «  (8) 

is  also  used  in  deriving  Equation  (1),  and  this  too  Is  clearly  not  satisfied 
for  Che  mllllmeter-wave  system,  but  Is  well  satisfied  for  the  laser  system. 

Finally,  Che  theory  assumes  that  the  fluctuations  are  small,  i.e.,  that  [9] 

<  0.64  .  (9) 

X 

Both  the  laser  and  mllllmeter-wave  experimental  conditions  satlslfed  this 
criterion. 


III.  ATMOSPHERIC  SCINTILLATION  EXPERIMENT 


The  atmospheric  scintillation  experiment  was  performed  at  Che  US  Army 
Missile  Command's  Vehicle  Test  Track,  Test  Area  #7.  This  facility  Is  adjacent 
to  the  Redstone  Arsenal  Airport  and  runs  north  and  south  as  shown  on  the  map 
In  Figure  I.  The  Crack  Is  a  flat  asphalt  road,  bordered  on  either  side  by 
brush  or  test  surfaces  (rocks,  bumps,  etc.).  The  94  GHz  transmitter  was 
located  at  the  north  end  of  the  range  adjacent  to  Building  4820.  The  receiver 
front  end  was  located  In  the  bay  of  the  Millimeter  Guidance  field-test  trailer 
which  was  adjacent  to  Building  4819.  The  distance  between  receiver  and 
transmitter,  measured  with  a  laser  range  finder,  was  1232  meters;  both 
receiver  and  transmitter  antenna  centers  were  I.l  meters  above  the  ground. 

All  measurement  and  recording  Instrumentation  and  receiver  processing  were 
located  Inside  the  trailer.  The  He  Ns  laser  for  measuring  Che  atmospheric 
scintillation  at  optical  wavelengths  was  placed  directly  beside  the  94  GHz 
receiver,  while  the  laser  receiver  (a  space  averaging  anemometer)  was  placed 
on  the  edge  of  Che  roadway  at  exactly  300  meters  north  of  the  laser.  The  ane¬ 
mometer  outputs  were  transmitted  to  the  trailer  via  a  long  coaxial  cable. 

Alignment  of  both  the  94  GHz  test  system  and  the  optical  atmospheric  scin¬ 
tillation  equipments,  although  straightforward,  required  two  operators.  Once 
both  the  94  GHz  transmitter  and  receiver  were  operating  and  stabllzed,  the  two 
antennas  were  crudely  aimed  at  each  other.  Then  each  was  In  turn  carefully 
adjusted  In  azimuth  and  elevation  until  a  maximum  signal  was  received.  In  . 
order  to  aid  the  receiver  operator,  the  display  of  the  IF  spectrum  analyzer, 
which  was  being  used  to  monitor  signal  level  and  waveform,  was  displayed  on  an 
X-Y  monitor  In  the  trailer  bay. 

Similarly,  once  the  space  averaging  anemometer  had  been  positioned,  the 
laser  was  crudely  pointed  using  a  telescope,  and  then  very  accurately  pointed 
by  observing  the  laser-beam  reflection  in  the  receiver  optics.  The  laser 
receiver  was  then  adjusted  In  azimuth  and  elevation  to  maximize  the  received 
signal.  This  adjustment  was  very  precise,  since  the  optical  system  was  very 
sensitive  to  angular  alignment.  The  space  averaging  anemometer,  model  CA-9 
(Campbell  Scientific,  Logan,  Utah),  Is  generally  used  to  measure  wind  speed, 
but  also  has  an  output  directly  giving  the  log-amplitude  standard  deviation, 
a^.  The  principles  of  operation  of  this  device  are  described  by  R.  S. 
Lawrence,  et.al.  (1972)  [10]. 

The  94  GHz  transmitter  consisted  of  a  continuous  wave  (cw)  reflex  klystron 
source  coupled  to  the  transmitting  antenna  with  provision  made  for  monitoring 
the  output  frequency  and  power.  A  schematic  diagram  of  the  transmitter  Is 
shown  In  Figure  2.  Initially,  the  klystron  was  mechanically  tuned  for  a  maxi¬ 
mum  output  power  around  the  desired  center  frequency  of  94.12  GHz;  fine  tuning 
was  accomplished  by  adjusting  the  reflector  voltage.  The  klystron  had  a  nomi¬ 
nal  average  power  output  of  100  milliwatts.  The  transmitting  antenna  was  a 
60  centimeter  diameter  Cassegrain  which  provided  a  nominal  3  dB  beamwldth  of 
5.3  mllllradlans  at  the  operating  frequency.  Energy  coupled  out  of  the 
transmission  path  was  directed  through  a  cavity-type  wavemeter  to  a  power 
meter  detector  head.  This  provided  a  means  for  both  monitoring  the  output 
power  and  setting  the  frequency.  Very  fine  tuning  of  the  frequency  was 
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Figure  2.  94GHz  transmitter  8c’’®*'atlc  '^■«p«ram 


accomplished  by  centering  the  frequency  In  the  receiver  passband.  At  one 
point,  the  thermistor  head  was  replaced  by  a  Schottky-dlode  detector  for  a 
measurement  of  long-term  stability  of  the  klystron.  Figure  3  is  a  close-up 
photograph  of  the  transmitter  RF  components  in  the  normal  operating 
configuration. 

The  transmitter  components  were  installed  in  the  eviscerated  chassis  of  a 
spare  brassboard  radar.  This  was  mounted  on  top  of  a  standard  cart  which  also 
held  the  Micro-Now  klystron  power  supply  and  the  klystron  cooler.  Flowing 
liquid  coolant,  a  mixture  of  ethylene  glycol  and  water,  was  used  to  stabllzed 
the  operating  temperature  and  minimize  the  effects  of  heating  by  the  sun. 

Aiming  the  radar  beam  in  azimuth  was  merely  a  matter  of  turning  the  cart; 
aiming  in  elevation  was  accomplished  by  blocklng-up  the  rear  of  the  radar 
chassis.  Figure  4  is  a  photograph  of  the  entire  transmitter  unit. 

The  94  GHz  receiver  was  {^ysically  and  conceptually  divided  into  two 
parts;  l.e.  the  millimeter-wave  portion  and  the  intermediate  frequency  (IF) 
processing.  The  RF  front-end  was  based  upon  the  receiver  section  of  a  94  GHz 
brassboard  radar  built  by  the  Georgia  Institute  of  Technology  Engineering 
Experiment  Station  under  contract  DAAK40-78-C-0158.  This  provided  a  phase- 
locked  Gunn-dlode  local  oscillator  whose  frequency  of  93.36  GHz  established 
the  operating  frequency  of  the  system.  A  high  sensitivity  mixer  with  built 
In  preamplifier  was  used  In  place  of  the  original  mixer.  In  order  to  prevent 
damage  to  the  mixer,  a  variable  attenuator  and  power  monitor  were  Inserted 
ahead  of  the  local  oscillator.  The  receiving  antenna  was  a  Cassegrain  with  a 
30  cm  diameter  main  reflector,  so  that  the  receiving  3.^dB  beamwldth  was 
approximately  10. S  mllllradlans.  The  output  of  the  mixer  preamplifier  was 
directly  coupled  to  an  amplifier  at  the  750  MHz  IF  frequency. 

The  antenna,  front-end,  and  power  meter  were  mounted  In  a  wooden  box  which 
was  In  turn  mounted  on  an  adjustable  Hercules  tripod.  Aiming  the  receiver  beam 
was  straightforward,  since  the  X-Y  pan  head  of  the  tripod  allowed  the  radar  to 
be  smoothly  moved  In  azimuth  and  elevation;  Integral  locks  held  the  receiver 
position  fixed  once  It  had  been  aimed.  Figure  5  Is  a  schematic  diagram  of  the 
entire  receiver;  the  components  comprising  the  front-end  outside  the  trailer 
are  Inclosed  within  the  dashed  lines.  Figure  6  Is  a  top  view  of  the  front-end 
componentry.  The  unit  at  the  right  Is  the  power  meter  for  monitoring  the 
local  oscillator  output,  and  the  unit  at  the  left  Is  an  auxllllary  power 
supply. 

The  750  MHz  signal  was  delivered  to  the  IF  processing  circuitry  and 
recording  Instrumentation  Installed  Inside  the  trailer's  equipment  compartment 
via  a  15  foot  SMA  cable.  At  this  point  the  signal  was  passed  through  a 
variable  attenuator  and  amplified,  filtered,  and  split  Into  two  paths.  The 
variable  attenuator  was  used  to  set  the  signal  at  a  fixed  power,  -10  dBm, 
using  the  spectrum  analyzer,  at  the  start  of  each  test.  The  first  signal  path 
led  to  a  second  power  splitter  whose  outputs  vere  provided  to  an  HP  8565A 
spectrum  analyzer  and  a. square-law  detector.  The  spectrum  analyzer  served  as 
the  prime  system  monitor  and  performance  analyzer.  The  negative  output  of  the 
square-law  detector  was  both  displayed  on  an  oscilloscope  and  amplified  by  a 
low-noise,  wide  bandwidth  amplifier,  PAR  model  113,  that  also  performed  the 
signal  Inversion  function. 
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The  second  path  of  the  Initial  power  splitting  led  via  a  second  power 
splitter  and  some  adapters  to  a  log-ampllf ier/detector .  The  output  of  this 
device  Is  a  dc  level  proportional  to  the  logarithm  of  the  Input  signal  power. 
The  output  of  this  device  was  also  displayed  on  an  oscilloscope  before  being 
recorded.  Figure  7  Is  a  photograph  of  the  IF  processing  layout  (on  top  of  the 
spectrum  analyzer)  as  It  was  used  for  the  tests.  At  the  right  Is  the  Input 
attenuator.  At  the  left,  painted  black,  Is  the  log-ampllf ler/detec tor,  and 
behind  the  circuitry  Is  the  square-law  detector  amplifier. 

The  desired  atmospheric  scintillation  Information  was  contained  In  signals 
from  the  square-law  detector  and  the  log-ampllfler/detector.  Each  of  these 
outputs  was  displayed  on  an  oscilloscope  and  then  directed  to  a  lock-ln 
amplifier  used  as  a  sensitive  ac  voltmeter.  The  output  is  the  rms  value  of 
the  ac  component  of  the  Input  signal.  A  strip-chart  recorder  was  the  primary 
data  recording  Instrument  for  the  four  radar  data  signals,  l.e.,  the  square- 
law  detector  dc  level,  the  square-law  detector  ac  component,  the  log- 
ampllfler/detector  dc  level,  and  the  log-ampllfler/detector  ac  component. 

Along  with  these  signals,  the  output  of  the  channel  of  the  space  averaging 
anemometer  was  recorded.  Figure  8  diagramatlcally  shows  the  method  for 
extracting  the  ac  components  from  the  signals  and  shows  the  overall  data 
recording  set-up.  The  actual  hardware  Is  shown  In  Figure  9. 

It  should  be  pointed  out  that  the  desired  experimental  quantity,  the  log- 
amplitude  standard  deviation.  Is  not  the  same  as  the  ac  component  of  the 
log-ampllfler/detector  output.  The  necessary  computation  to  obtain  is 
given  In  Appendix  A. 

IV.  RESULTS  AW)  ANALYSIS 

The  outputs  of  the  square-law  detector  and  the  log-ampllfler/detector  were 
calibrated  as  a  function  of  IF  power  using  a  signal  generator  at  750  MHz. 

These  data  are  shown  in  Figures  9  and  10.  Deviations  from  linearity  are  due 
to  the  difficulty  In  setting  the  input  power  using  the  spectrum  analyzer. 

Since,  during  the  experiment,  the  attenuator  In  the  IF  chain  was  adjusted 
to  give  -10  dBm  IF  power,  the  calibrations  were  done  over  +20X  about  0.1  mH. 
Following  the  calibration,  a  +SZ  (power)  sinusoidal  modulation  was  induced  on 
the  signal  generator  output.  This  simulated  signal  was  used  to  ensure  that 
the  expected  log-ampllfler/detector  ac  voltage  agreed  with  that  seen  on  the  ac 
voltmeter.  This  test  Is  described  In  more  detail  In  Appendix  B.  The  outputs 
of  the  mllllmeter-wave  system  are  demonstrated  in  Figure  11.  These  data  were 
taken  while  a  car  was  being  driven  along  the  road  between  the  transmitter  and 
receiver. 


Figure  12  shows  data  taken  1  September,  1982  in  bright  sunlight  with  the 
temperature  In  the  mid-eighties  and  the  relative  humidity  between  602  and  702. 
The  laser  log-amplitude  standard  deviation,  Oy  ,  Is  seen  to  fluctuate  between 
0.3  and  0.4.  Taking  the  more  conservative  value  of  0.3,  the  Index-of- 
refraction  structure  parameter  calculated  from  Equation  (1)  Is  5.7  x 
10"^^  m-^/S.  Cn^  varies  from  10"^^  m”2/3  or  less  for  an  extremely  weak 
turbulence  to  lO"^^  ni-2/3  qj  more  when  the  turbulence,  generated  t»ar  the 
ground  in  direct  sunlight.  Is  strong  [11].  Thus,  as  expected,  the  laser 
system  Indicates  a  strong  turbulence. 
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Figure  8.  Data  proceaslng/recording  block  diagram 


Figure  9.  Data  processing/recording  equipment. 


LOG-AMPLIFIER/DETECTOR  OUTPUT  (mV) 


Figure  10.  Log-amplif ler/detector  output. 
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Figure  11.  94  GHz  system  outputs. 
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(Millivolts) 


Using  the  above  computed  value  for  Cn^.  the  expected  Oy  for  the 
mllllmeter-wave  system  is  determined  from  Equation  (1)  to  be  7.6  x  10~^. 

Using  this  result,  Equation  (A-18)  gives  an  expected  log'-ampllfler/detector 
ac  output  of  1.5  mV. 

As  can  be  seen  from  Figure  12,  the  output  observed  was  generally  much 
less,  on  the  order  of  0.3  mV,  except  for  occasional  large  Increases  (some  of 
which  are  truncated  by  the  strip-chart  recorder).  However,  after  simulta¬ 
neously  monitoring  these  large  swings  and  observing  the  IF  frequency  on  the 
spectrum  analyzer.  It  became  clear  that  the  large  outputs  were  correlated  %rlth 
IF  frequency  jumps  on  the  order  of  10  MHz.  Smaller  peaks  In  the  ac  output 
coincided  with  smaller  frequency  Jumps. 

At  this  point.  It  UBS  suspected  that  transmitter /receiver  Induced  ampli¬ 
tude  fluctuations  were  being  observed,  rather  than  atmospheric  scintillations. 
The  transmitter  klystron  was  suspected  despite  the  fact  that  the  power  output, 
as  monitored  with  a  Schottky-dlode  dectector,  was  very  constant,  showing 
variations  of  ~  0.1%  over  5  minutes.  It  Is  not  clear  If  the  amplitude  modula¬ 
tion  was  due  to  the  klystron  output  changing  with  frequency  or  to  frequency- 
response  characteristics  of  the  receiver  components,  or  both. 

As  a  test  of  transmitter/receiver  amplitude  noise,  the  transmitter  was 
coupled  (with  some  attenuation)  directly  to  the  receiver  and  set  for  a  -10  dBm 
IF  power.  The  log-ampllfler/detector  ac  output  for  this  test  Is  shown  In 
Figure  13,  and,  as  can  be  seen,  it  does  not  differ  significantly  from  the 
scintillation  test. 

Thus,  It  must  be  concluded  that  amplitude  fluctuations  resulting  from 
atmospheric  scintillation  are  small,  and  probably  are  at  least  an  order  of 
magnitude  smaller  than  the  amplitude  noise  due  to  the  transmitter  and 
receiver.  If  It  Is  assumed  that  the  log-ampllfler/detector  ac  output  for 
atmospheric  scintillations  would  be  on  the  order  of  0.03  mV,  the  corresponding 
log-amplitude  standard  deviation  is  Oy  «  1.5  x  lO"^.  For  this  experiment, 
then,  the  atmospheric  scintillation  for  millimeter  waves  Is  about  one- 
tenth  of  that  predicted  from  Equation  (1). 

In  retrospect,  this  result  is  not  surprising,  considering  the  assumptions 
invoked  In  the  optical  theory.  A  heuristic  argument  for  the  mllllmeter-wave 
experiment  may  be  made:  the  outer  scale  of  the  turbulent  eddies  Is  small  com¬ 
pared  to  the  Fresnel-zone  size.  If  Is  taken  to  be  about  one-third  the 
height  above  the  ground,  then,  for  this  experiment,  ~  0.3  m,  considerably 
less  than  ^  XR' -  2.0  m.  The  turbulent-eddy  sizes  that  contribute  most  to  the 

amplitude  fluctuations  do  not  exist  for  the  millimeter  wave  system. 
Unfortunately,  no  simple  quantitative  models  have  been  developed  for 
Lo  </\F(12]. 

It  should  be  pointed  out,  however,  that  other  workers  have  obtained 
conflicting  experimental  results  [13,14].  Ho,  et.al.  (as  presented  In  Kulpa 
and  Brown)  studied  fluctuations  at  110  GHz  over  a  4-kllometer  path  using  50-cm 
antennas  about  50  m  above  ground.  Peak  values  for  were  ~  2.6  x  lO'*^, 
corresponding  to  ~  4  x  lO""^^  Lane,  et.al.  made  measurements  at 

100-110  GHz  over  a  300-m  path,  2.0  m  above  ground  using  15-cm  antennas.  Their 
maximum  fluctuations  give  o^  -  2.3  x  10”^  and  Cjj^  ~  7  x  10”^^  m"^'^.  This 
latter  result  Is  highly  suspect  since  It  Is  Indicative  of  extremely  strong 
turbulence. 
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As  stated  In  the  Introduction,  the  intent  of  this  work  was  to  gain  some 
Insight  Into  tracking  errors  In  conical-scan  and  monopulse  radars  caused  by 
clear-alr  turbulence.  With  the  caveat  that  the  theory  may  not  apply,  the  mean 
square  angle  of  arrival  Is  given  approximatley  by  [10]* 


3  f  Cn^  (x)  dx 
d1/3  ^ 


where  D  is  the  aperature  diameter,  and  C^^(x)  Is  Integrated  along  the  path 
length.  If  the  medium  Is  homogeneous,  or  If  we  assume  some  sort  of  average 
value  for  then 


<a 


2 

> 


3Cn"  R 


(11) 


For  a-y  »  1.5  x  10"^  for  millimeter  waves,  an  "effective  value"  of  computed 
from  Equation  (1)  Is  2.3  x  IQ-l^  mr2/3.  Using  this  value  for  a  range  of 

5  kilometers,  and  a  60~cm  antenna. 


=  3  (2 . 3xl0~^  V^^%xlO^J 


(12) 


-13  2 

=  4  X  10  rads 


The  rms  angle  fluctuation  Is  *■  lO"^  rads  or  1  microradian. 

This  figure  can  be  related  to  required  tracking  accuracies  for  tactical 
systems  In  the  following  way.  Assume  that  a  +l-meter  accuracy  at  5  kilometers 
Is  required  wltha_^5Z  probability.  The  angle  a  Is  normally  distributed  with 
zero  mean  and  ■  a.  Then  the  angle  accuracy  required  Is  -<-2o,  so  that 


t  2 


±1  meter 
5  kilometers 


» 


or  ^<a^>  “0.1  mrad.  Thus,  the  angle  error  due  to  dear-atmosphere  turbulence 
Is  IX  of  the  angular- error  budget,  versus  ~  30X  calculated  from  the  optically- 
measured  of  5.7  X  10”1^  m“273. 

This  result,  however,  does  not  agree  with  other  angle-of-ar rival  error 
measurements  at  millimeter  wavelengths  [16,17,18].  At  150  GHz  over  a  5.6  km 
path  10  meters  above  the  ground  (mean  height),  Andreyev,  et.al.  found  rms 
angle  fluctuations  of  approximately  0.1  mrad,  the  entire  error  budget. 

Similar  results  were  obtained  by  ^fcMlllan  £t>£l*  based  on  angle-of-arrlval 
calculations  using  experimental  intensity-fluctuation  data.  Somewhat  more 
encouraging  results  were  reported  by  C.  W.  Tolbert,  et.al.  at  35  GHz  over  a 
16-km  path  (from  one  mountain  peak  to  another  In  Colorado)  using  4”  half-power 
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beamwidths.  Measured  rms  angle  variations  ranged  from  too  small  to  measure 
to  0.085  mrad.  The  variety  of  experimental  results,  both  for  amplitude 
fluctuations  and  angle-of-arrlval  errors,  are  probably  Indicative  of  the 
difficulty  of  making  the  measurements  and  in  characterizing  measurement 
conditions. 

A  heuristic  argument  can  also  be  made  for  small  angle-of-arrlval  errors 
in  millimeter-wave  radars  close  to  the  ground.  According  to  Fante,  [19] 
"...when  a  laser  beam  Interacts  with  the  turbulent  eddies  it  Is  found  that 
those  eddies  which  are  large  compared  to  the  diameter  of  the  beam  tend  to 
deflect  the  beam,  whereas  those  eddies  which  are  small  compared  with  the 
beam  diameter  tend  to  broaden  the  beam,  but  do  not  deflect  It  significantly." 
If  the  millimeter  beam  Is  considered  to  be  bounded  by  a  cylinder  out  to  a 
distance  of  D^/\  and  by  a  cone  having  the  nominal  beamwldth  beyond  that  point, 
[20]  then,  for  an  antenna  aperture  of  0.6  meters,  the  beam  diameter  Is 
always  considerably  larger  than  the  estimated  outer  scale  of  the  turbulent 
eddies  (0.3  m) .  Thus,  gross  angular  deflections  of  the  entire  beam  are 
expected  to  be  small. 

The  argument  above,  however,  brings  out  another  consideration  with 
respect  to  the  theory.  Because  of  the  large  millimeter-wave  aperture,  far- 
fleld  (and  plane-wave)  conditions  are  met  at  a  considerable  longer  range 
than  for  the  laser  system,  by  about  an  order  of  magnitude.  Thus,  antenna 
near-fleld  effects  may  be  considerable  for  millimeter  measurements. 

V.  CONCLUSIONS 

A  negative  result  Is  reported  for  this  experiment  In  that  the  amplitude 
fluctuations  at  94  GHz  due  to  clear-alr  atmospheric  turbulence  could  not  be 
observed  above  the  transmitter/ receiver  noise.  The  necessity  of  carefully 
characterizing  this  noise  is  well  demonstrated.  It  Is  believed  that  had  the 
transmitter  been  a  hlghly-stable,  {^ase-locked  source  (as  the  local  oscilla¬ 
tor  was),  the  atmospheric  turbulence  could  have  been  measured. 

Despite  this  negative  result,  it  Is  felt  that  an  estimated  upper  bound 
for  the  fluctuations  was  reasonably  establlahed,  and  that  this  upper  bound 
was  about  a  factor  of  ten  lower  than  fluctuations  predicted  from  the  optical 
theory.  There  Is  reason  to  believe  that  angle-of-arrlval  fluctuations  may 
also  be  smaller  for  mllllmeter-wave  systems. 
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APPENDIX  A 

DETERMINATION  OF  FCR  MILLIMETER-WAVE  SYSTEM 
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APPENDIX  A 


DETERMINATION  OF  FOR  MILLIMETER-WAVE  SYSTEM 

The  mllllmeter-wave  system  used  In  this  experiment  did  not  measure  the 
log-amplitude  standard  deviation  directly,  and  some  careful  analysis  is 
required  to  compute  it  from  the  output  of  the  system  shown  in  Figure  Al. 


Log-Amplif ier /Detector 
Figure  Al.  o^  measurement. 

The  output  of  the  log-ampllf ler/detector  is  a  voltage  given  by 


(A-1) 

where  G  is  the  "gain"  of  the  amplifier  in  volts/dB,  p(t)  is  the  IF  power,  and 
Pj^  is  the  input  power  for  which  the  output  voltage  V^-g  equals  zero;  pg  can 
be  thought  of  as  some  internal  reference  used  by  the  log-ampl if ler/detector. 
Note  also  from  Equation  (A-1)  that  the  output  is  in  terms  of  the  logarithm  to 
the  base  10,  rather  than  the  logarithm  to  the  base  e  as  desired. 

The  voltage  Vj^Qg(t)  is  applied  to  the  rms  AC  voltmeter;  the  output 
voltmeter  Vq  Is  equal  to  the  standard  deviation  of  Vj^Qg(t) , 

of  the 

Vo  -V<v2log(t)>  -<Viog(t)>  2 

(A-2) 

-  lOG  V  ^^08^  >  -  <lo8  [p^^J/Pr]  >  ^ 

(A-3) 

-  (4.343)G  -^<10^  j^p(t)/pg]  >  -  <ln  [p(t)/pR]  >  ^ 

(A-4) 
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In  the  last  step,  base  10  logs  are  converted  to  natural  logs  using 

lOg  X  -  0.43429  ....  Inx  .  (A-5) 

If  we  now  set 

■  Po  +  Pl(t)  ,  (A-6) 

where 

Pq  =  p(t)  (A-7) 

we  can  write 


In  [p<t)/pj^]  -  In  [pq/Pr  +  Pi<t)/pj^J  (A-8) 

-  In  [Pq/Pr  (1  +  Pl<t)/Po)]  (A-9) 

*  In  (pq/Pr)  +  In  [l  +  PiCt)/?^]  .  (A-10) 

If  now  the  power  fluctuations  about  the  mean  are  very  small  (as  they  evidently 
were  for  this  experiment),  to  a  good  approximation 

In  [p<t)/pR]  -  In  (Pq/Pr)  +  Pl(t)/Po  (A-11) 

and 

<ln  [pCt)/pj^]  >-  1i^n(Po/pr)  •  (A-12) 

Using  this  result,  the  quantity  in  the  radical  of  Equation  (A-4)  becomes 

<ln^  [p(t)/pjJ>  -  (in  Pq/Pr)  ^  (A-13) 

-<  (in  [p(t)/pj^]  -  lnpo/pR)^>  (A-14) 

.<ln^  ^  >-  <ln2  [p(t)/Po]>  .  (A-15) 

Po/Pr 
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This  result  is  the  log-power  (log-intensity)  variance, 


°\np  =  [p<*^>/Po]> 

and  since 


Equation  (A-4)  becomes 


(A-16) 

(A-17) 

(A-18) 
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APPENDIX  B 


MEASUREMENT  SYSTEM  TEST 

In  order  to  test  that  system  of  Figure  Al,  a  signal  generator  with  a  small 
sinusoidal  amplitude  modulation  at  40  Hz  was  used  as  a  simulated  IF  Input.  In 
terms  of  the  log-power  variance.  Equation  (A-17)  becomes 

-  (4.343)G  V°^np  • 

or 

Vq  -  (4.343)G  ^<ln2  [p(t)/po]  .  (B-2) 

For  a  sinusoidal  variation 

P(t)  =  Po  +  PI  cos  (wk)  ,  (B-3) 

and 

cos(wk))^  .  (B-4) 


In  (1  +  x)  -  X  -  I  +  I  ■ 
an  approximation  for  pi/po  «  1  gives 

<cos2wk> 

■HiV 

Using  this  result  in  Equation  (B-1)  gives 

„  .  (4.343)G  /pi\ 


(B-5) 

(B-6) 

(B-7) 

(B-8) 

(B-9) 


Inp 

Using  the  expansion 


/ln2  (1  +!i 

^  Po 
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For  the  system  test,  the  IF  power  was  set  to  oscillate  about  0.1  mW 
(-10  dBm)  from  0.09S  mW  to  0.105  mW.  This  oscillation  was  actually  set  by 
observing  the  square-law  detected  output  on  an  oscilloscope  and  using  the 
calibration  data  of  Figure  9. 

Prom  Equation  (Br'9),  the  expected  ac  voltmeter  output  is 


»  3.5  nW. 


The  output  of  the  ac  voltmeter  was  actually  3.2  mV,  a  very  reasonable 
agreement  considering  Che  uncertainties  Involved  In  setting  the  amplitude 
modulation  and  the  approximations  made. 
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ADDENDUM 


In  a  more  recent  review  article  by  FAnte  [21],  the  Index  of  refraction 
structure  parameter  for  millimeter  waves  Is  discussed.  In  particular,  for 
the  case  where  the  outer  scale  of  turbulent  eddies,  Lq,  Is  smaller  then  the 
first  Presnel-zone  size,  2  meters  for  this  experiment) ,  the  equation 


X 


I.V3 

n  o 


R 


Is  more  applicable  than  Equation  (1)  (for  weak  turbulence).  Assuming  the 
following  millimeter  wave  values  for  this  experiment, 

-  1.5  X  10“^ 

Lq  >  0.3  meters 

R  >  1,232  meters 

k  “  2x/X,  X  ■  3.19mm 


the  value  for  calculated  from  the  above  equation  Is  2.2  x  lO"'^-^ 

This  value  Is  about  an  order  of  magnitude  larger  than  the  "effective  value"  of 
computed  from  Equation  (1)  (2.3  x  lO”^^  m"^'^),  and,  consequently,  the  rms 
angle-of-arrlval  error  computed  from  Equation  (12)  Is  Increased  by  about  a 
factor  of  three.  This  Is  not  a  significant  change,  compared  to  estimates  of 
^<a^>  of  one  millimeter. 


Recent  theoretical  efforts  at  the  US  Army  Missile  Command  also  support 
the  notion  that  angle-of "arrival  errors  are  significantly  larger  than  measured 
values  of  would  Indicate  [22].  The  model  uses  measured  millimeter  data 
for  the  temperature  structure  coefficient,  the  water  vapor  structure  coeffi¬ 
cient,  and  their  cross-correlation  to  compute  Cn^*  and  For  a 

strong  turbulence,  high  humidity,  and  strong  wind  speed,  computed  values  for 
were  2  x  10"^  to  8  x  lO"^,  which  is  in  reasonable  agreement  with  the 
result  from  this  experiment.  The  wind  speed  is  an  important  factor  In  the 
model;  the  experiment  was  performed  on  very  calm  days. 


The  angle-of-arrlval  errors  predicted  by  the  model  are  generally  larger 
than  one  mllllradlan  with  the  power  spectral  density  largely  below  5  Hz. 

Thus,  there  Is  a  good  deal  of  evidence  to  Indicate  that  very  significant 
tracking  errors  in  millimeter  wave  radar  will  be  due  to  clear-air  turbulence. 
Farther  work  in  this  area  Is  now  being  supported  by  the  Army  Research 
Office,  [23]  and  It  Is  hoped  that  definitive  measurements  will  result* 
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